A new generation of nanocarriers, logic-embedded vectors (LEVs), is endowed with the ability to localize components at multiple intracellular sites, thus creating an opportunity for synergistic control of redundant or dual-hit pathways. LEV encoding elements include size, shape, charge, and surface chemistry. In this study, LEVs consist of porous silicon nanocarriers, programmed for cellular uptake and traffi cking along the endosomal pathway, and surface-tailored iron oxide nanoparticles, programmed for endosomal sorting and partitioning of particles into unique cellular locations.
Introduction
Nanoparticles, with the capacity for cell-specifi c delivery of therapeutics and imaging agents, have the potential for organelle-specifi c targeting following cellular internalization. Examples include nuclear targeting with carbon nanospheres, [ 1 ] quantum dots, [ 2 ] and gold nanoparticles, [ 3 ] as well as cytoplasmic localization of cationic polystyrene nanoparticles. [ 4 ] For therapeutic applications, the majority of drug targets reside within cells; however, the ability to treat a given target is limited by target accessibility and pathway redundancy. Effective therapeutics therefore require innovative strategies to overcome these barriers. Newer-generation nanoparticles, which include logic-embedded vectors (LEVs), are higher-order particles with the potential for targeting multiple intracellular sites with synergistic therapeutics or theranostics containing both imaging and therapeutic modalities.
The majority of nanoparticles and microparticles are internalized into membrane-bound compartments known as endosomes and phagosomes. As these vesicles mature, their contents are sorted and packaged for discrete destinations, [ 5, 6 ] which include intracellular organelles such as the nucleus, the cytosol, and exocytosis [ 7 ] or transcytosis from the cell. Secretion of vesicular contents can occur at different stages of the endo-lysosomal pathway. For example, the protein Niemann-Pick C1 (NPC1) is required for secretion of amine-rich contents from the lysosome, [ 8 ] and may therefore function in secretion/exocytosis of amine-modifi ed nanoparticles from lyososmes. A variety of cells, including dendritic cells, macrophages, reticulocytes, lymphocytes, and endothelial cells, secrete microvesicles, microparticles, and exosomes constitutively. [ 9, 10 ] The mechanisms for cellular release are unique, with microvesicles being generated by shedding of the plasma membrane, [ 10, 11 ] microparticles being formed by membrane blebbing during apoptosis, [ 10 , 12 ] and exosomes originating from intracellular vesicles contained within multivesicular bodies (MVBs) derived from sorting endosomes. [ 10 , 13,14 ] Exosomes, also referred to as antigen-presenting vesicles, are reported to be 40-90 nm in size, while microvesicles are 100-200 nm and microparticles are 80-1200 nm. [ 10 ] It is reported that cellular secretion of exosomes allows for the transfer of microRNAs, messenger RNA (mRNA), and various proteins (e.g., major histocompatibility complex (MHC) class I and II) out of the cell, potentially enabling cell-cell communication.
Reports of endosomal escape of nanoparticles include systems containing: cationic polymers, such as polyethylenimine; [ 15, 16 ] pH-sensitive polymers, such as poly(propylacrylic acid) [ 17, 18 ] and N -isopropylacrylamideco -propylacrylic acid; [ 19 ] and enzyme-targeting peptides, such as collagenmimetic peptides. [ 20 ] Cytoplasmic delivery of nanoparticles, and their associated payloads, allows for silencing of specifi c genes at the level of mRNA translation. In this study we introduce LEVs with the ability to perform two distinct, primary functions in target cells owing to intracellular partitioning of particles into unique organelles. In one embodiment, LEVs target both the late endosome and cytoplasm, and in another reach perinuclear vesicles but also release subpopulations that are secreted from the cell ( Figure 1 ). These latter results pave the way for the development of LEVs that deliver a signaling payload to be communicated by a target cell to its cellular neighbors.
Results

Cellular Internalization of Silicon Particles
For assembly of the LEV, we chose to use discoidal silicon particles, fabricated by our group using standard photolithography and electrochemical etching. [ 21, 22 ] Particles with a diameter of 3.2 ± 0.2 µ m, pore size 51.3 ± 28.7 nm, and 80% porosity ( Figure 2a ) were chosen based on preliminary studies which showed high loading effi ciency with 10-nm superparamagnetic iron oxide nanoparticles (SPIONs). [ 23 ] J774 murine macrophages were used to study cellular uptake and intracellular traffi cking of particles. Scanning electron microscopy (SEM) images provide an example of early microparticle uptake with cellular lamellopodia emerging to encircle surface-adherent particles (Figure 2b ). During the internalization step, the particle is shown oriented perpendicular to the cell membrane.
Live confocal imaging confi rmed rapid (within 3 min of microparticle introduction) uptake of DyLight 594-modifi ed silicon microparticles by macrophages using CellTracker Green for cell imaging (Figure 2c ). Images were acquired every 3 min. The internalized particles migrated to the perinuclear region of the cell, as suggested by the co-localization of nuclear and particle-associated fl uorophores beginning 12.5 min after the introduction of silicon particles. The corresponding movie is included in the Supporting Information. Ultrastructural examination of J774 cells, by transmission electron microscopy (TEM), 15 min after silicon particle introduction illustrates phagocytosis of particles and their subsequent localization in the perinuclear region of the cell (Figure 2d ). 
Particle Characterization and Loading Potential
To determine the impact of SPION surface modifi cation on loading the nanoparticles into the porous matrix of oxidized silicon particles, silicon particles were loaded with carboxylated or amine-or chitosan-coated SPIONs (coated in the presence of 0.6 mg mL − 1 chitosan) and examined by SEM at increasing magnifi cations ( Figure 3a ). Carboxylated SPIONs were not retained in the porous matrix following washing, while both amine-and chitosan-coated SPIONs were found in abundance. The arrow in the fi rst column indicates a single carboxylated SPION located within the pores. The zeta potential, which is the electrokinetic potential directly related to the net surface electrical charge of each particle formulation, is given in Figure 3b . Zeta potential measurements were performed in acidic buffer (pH 5.0) to increase the stability of the chitosan coating and to mimic loading conditions. Both the oxidized silicon particles and carboxylated SPIONs were negatively charged whereas amine-modifi ed and chitosancoated SPIONs had a positive charge (20.5 and 26.1, respectively). The change in SPION zeta potential, from − 27.4 to 26.1 mV, that accompanied chitosan coating of carboxylated SPIONs supports surface coating with positively charged chitosan. Chitosan is a biodegradable polysaccharide composed of random β -(1-4)-linked d -glucosamine and N -acetyl-d -glucosamine units. It was chosen as a coating for SPIONs based on its biocompatibility, high charge density, and reports of its potential use for intracytoplasmic delivery of drugs and nanoparticles. [ 24 ] Fourier transform infrared (FTIR) spectra were acquired for each SPION formulation and for chitosan ( Figure 3c ). FTIR spectroscopy measures the frequency and intensity associated with each functional group and indicates the presence of specifi c groups and changes in molecular structure that occur upon complex formation. Amine-modifi ed SPIONS, which contain oleic acid, polyethylene glycol (PEG), and amine groups, displayed characteristic N-H spectral bands near 3300 cm − 1 , while the spectra of carboxy-SPIONs displayed prominent C = O and C-H bands near 1700 and 2900 cm − 1 , respectively. The spectrum from 86% deacetylated chitin exhibited characteristic amide bands at 1605 and 1504 cm − 1 . These characteristic bands shifted to 1646 and 1532 cm − 1 following association of chitosan (0.6 mg mL − 1 ) with SPIONs. The shift in energies indicates that chitosan association with carboxylated SPIONs involves amide bond formation.
Optimization of Chitosan Coating
While carboxylated SPIONs had a negative zeta potential (-27 mV, borate buffer; − 22 mV, acetic acid), the zeta values became increasingly positive after being coated in 0.01-0.24 mg mL − 1 chitosan solutions ( Figure 4a ). This increase is attributed to positive chitosan polymers being adsorbed to the particle surface. The zeta potential remained positive, but dropped from 31.7 mV at 0.24 mg mL − 1 chitosan to an average of 20 mV at chitosan concentrations of 0.60 mg mL − 1 and higher in borate buffer. The drop in zeta potential may refl ect more SPIONs on the surface of smaller nanoparticles.
Chitosan-coated particles tended to form large aggregates at concentrations of chitosan that coincided with the change in charge polarity of the negative SPIONs (i.e., at the point of nearest neutrality throughout the particle; Figure 4b ). At this point of charge reversal, the molar ratio of SPIONs to chitosan was 1:89 (the mass ratio was 1:0.2). The average particle diameter, based on dynamic light scattering (DLS), was 521 nm, as compared to an average DLS size of 155 nm at concentrations of chitosan of 0.24 mg mL − 1 and higher, thus confi rming aggregation of the 30-nm full papers chitosan-coated SPIONs. SEM measurements of particle diameter for individual particles coated with 0-0.13 mg mL − 1 chitosan (Supporting Information, Figure 1 ) were not signifi cantly different. However, the mean particle diameter increased from 26.4 ± 2.9 (uncoated) to 31.5 ± 2.8 nm when coated with 1.0 mg mL − 1 chitosan ( n = 20; p < 0.000002).
To quantitatively determine the amount of chitosan bound to SPIONS at each coating concentration, a colorimetric assay based on the affi nity of chitosan for dyes was performed.
The protonated amino groups of chitosan attract anionic dyes, such as Congo Red. The absorbance spectra of amineand chitosan-coated SPIONs in the presence of Congo Red (absorbance 520 nm) are shown in Figure 4c . The linear relationship between dye absorbance and concentration was used to calculate the amount of chitosan bound to a fi xed number of particles ( Figure 4d ). The amount of bound chitosan per particle increased when coated with chitosan concentrations from 0.01 to 1 mg mL − 1 , and then reached a plateau at higher concentrations. At 1.0 mg mL − 1 of chitosan and higher, 10 µ g of chitosan was bound to 5 µ g of SPIONs, which yielded a mass ratio of 1:2 SPIONs to chitosan. Zeta potential and DLS measurements were consistent with the fi nding that the amount of bound chitosan on purifi ed SPIONs remains unchanged at concentrations of chitosan of 1 mg mL − 1 and higher.
FTIR spectra acquired at each chitosan coating concentration support a change in the intensity of all major spectral bands at chitosan concentrations of 0.06 mg mL − 1 and higher ( Figure 4e ). Spectral bands in SPIONs coated in solutions of 0-0.02 mg mL − 1 chitosan remained small with 96-99% transmittance. The appearance of a broad band at 3200-3400 cm − 1 in SPIONs coated with 0.06-3 mg mL − 1 chitosan indicated an increase in the presence of H-bonds. Characteristic amide bands at 1530 cm − 1 and C-O stretching vibrations at 1060 cm − 1 in SPIONs coated with 0.06 mg mL − 1 chitosan and higher support the introduction of glucosamine units on the SPION surface.
Endosomal Escape of Chitosan-Coated Nanoparticles
Size and surface chemistry are known to modulate cellular uptake, intracellular traffi cking, and cytotoxicity of particles. In this study, in addition to the two surface functionalities, we compared the intracellular traffi cking of LEVs in which the silicon particles were loaded with 10-, 15-, or 30-nm SPIONs.
SPIONs were coated with 0.6 mg mL − 1 chitosan at a mass ratio of 1:0.5 (SPION:chitosan). Following cellular uptake, both 10-and 30-nm chitosan-coated SPIONs were seen crossing the endosomal membrane. In the top row of Figure 5 , black arrows designate SPIONs free in the cytoplasm 24 h after introduction of LEVs to macrophages.
We next evaluated the traffi cking of chitosan-coated SPIONs over time by mapping particle location at 2, 24, and 48 h ( Figure 5 , bottom four images). Two hours after the introduction of LEVs, internalized LEVs were present in large vacuoles. In contrast to earlier images that showed chitosan nanoparticles in the cytoplasm at 24 h, LEVs more heavily loaded with nanoparticles were slower to release their cargo. Although some nanoparticles were seen in the cytoplasm, the majority were present in endosomes as clusters. At 48 h, grouped SPIONs were spatially removed from carrier silicon particles. The cell shown in Figure 5 at 48 h has a membrane surrounding the distal portion of the silicon particle and near SPIONs that remain adjacent to the silicon particle. However, no membrane can be seen surrounding the spatially removed SPIONs or surrounding the silicon particle proximal to the released SPIONs. The release of chitosan-coated SPIONs may result from protonation of the primary amines of the glucosamine residues as the endosome matures and becomes more acidic, which leads to a high charge density, membrane destabilization, and release of the particles. The charge density of chitosan is dependent on pH and the amount of deacetylation. In the present study, we chose a highly deacetylated chitosan complex with 86% of the monomers containing primary amines. Release of chitosan-SPION aggregates may also be mediated by cationic mono-or di-saccharides that appear as chitosan is degraded by endosomal/lysosomal enzymes, such as lysozyme and N-actyl-glucosamididase. [ 15 ] However, as presented later, sustained cellular viability of these cells argues against lysosomal disruption, indicating that release of chitosan-SPIONs is either from non-lysosomal compartments or that membrane permeability is repaired following particle release. [ 25 ] When chitosan-coated SPIONs were incubated with macrophages in the absence of silicon particles (48 h), the majority of internalized SPIONs were located in electron dense clusters surrounded by membrane bilayers (Supporting Information, Figure 2 ). The contrast in localization of free, compared to LEV-delivered, chitosan-SPIONs indicates that the silicon particle may protect the surface coating of chitosan-SPIONs prior to cellular uptake, thus enhancing chitosan-mediated endosomal escape of SPIONs. full papers
Exocytosis of PEGylated Amine-SPIONs
We have previously demonstrated that LEVs composed of 10-nm amine-SPIONs and silicon particles are internalized by macrophages and endothelial cells into membrane-bound phagosomes/endosomes. [ 23 ] Based on the presence of amine-SPION clusters in endosomal regions rich in MVBs 24 h after cellular uptake, we hypothesized that silicon carrierreleased SPIONs were being actively sorted in the endosome. In Figure 6a of similar size, is shown wrapped in the fi lopodia of a cell that was incubated with silicon particles loaded with 30-nm SPIONs (Figure 6d ). The cellular morphology is consistent with healthy cells with no evidence of chromosome condensation or blebbing that would be expected with formation of cellular microparticles. The presence of membrane-bound compartments (MVBs) containing SPIONs near the plasma membrane (middle image in Figure 6b ) suggests that fusion of MVBs with the plasma membrane may be the mechanism for cargo secretion, similar to that of exosomes. [ 13 ] We recently reported endosomal sorting and exocytosis of amine-functionalized SPIONs by endothelial cells. [ 26 ] Based on the TEM images supporting secretion of novel membrane-bound compartments containing amine-SPIONs, and reports of eukaryotic cell-derived vectors containing SPIONs, [ 27 ] as well as studies demonstrating exocytosis of nanoparticles in animal cells, [28] [29] [30] we measured iron content in the supernatant of cells treated with LEVs containing either 15-or 30-nm SPIONs. Prussian blue quantitation of iron in the cell culture media was consistent with release of both 15-and 30-nm SPIONS from macrophages on all days tested (2-7 days; Figure 6c ). Iron present in the media of untreated cells was subtracted from the values shown in the presented data. The amount of SPIONs released from cells treated with 15-nm particles was greater than that of cells treated with 30-nm particles ( p < 0.03), thus indicating greater release of the smaller SPIONs. This is consistent with fi ndings by Chithrani and Chan [ 28 ] in which a linear relationship between exocytosis of gold nanoparticles and size was reported. The release of SPIONs from macrophages, as determined by Prussian blue analysis, was 0.6 µ g (15 nm) and 0.4 µ g (30 nm) iron per 2 × 10 5 original cells over 7 days, or a release of 9% (15 nm) and 6% (30 nm) of the nanoparticles introduced. Figure 6e illustrates dynamic communication between two macrophages, which emphasizes the potentially important role that cell-derived vectors may have in intercellular communication.
Cytotoxicity Testing
The release of exosomes and cellular microparticles/ microvesicles from cells has been described as a mechanism for intercellular communication and a possible means for propagation of an immune response. This is supported by the existence of microvesicles containing interleukin-1 β (IL-1 β ) following cellular stimulation, and the presence of MHC and endocytosed material in exosomes derived from antigen-presenting cells. We therefore examined the release of proinfl ammatory cytokines from macrophages treated with each particle formulation. Chou et al. [ 31 ] and Kim et al. [ 32 ] have reported that free chitosan attenuates the production of proinfl ammatory cytokines, including tumor necrosis factor α (TNF-α ), IL-1 β , and IL-6. They also reported that 264.7 macrophages exhibit an increase in secretion of the anti-infl ammatory cytokine IL-10. In our study, basal levels of interferon-γ (IFN-γ ), IL-9, and IL-1 α were not affected by any of the particle formulations. However, at the 24 h time point, secretion of IL-6, TNF-α , and monocyte chemotactic protein-1 (MCP-1) by macrophages was signifi cantly reduced in cells incubated with chitosan-coated SPIONs and silicon particles loaded with either amine-or chitosan-coated SPIONs ( Figure 7a ). MCP-1 secretion was also reduced in cells incubated with unloaded silicon particles. Therefore it appears that the combination of SPIONs with either chitosan or silicon particles suppresses secretion of proinfl ammatory cytokines. These cytokines have been shown to have a prominent role in the progression of cancer and atherosclerosis, and a decrease in their production may have potential clinical implications.
A second test of cytotoxicity was performed by measuring cellular proliferation in the presence of each particle formulation. Macrophages were incubated for 24-96 h with either 10 -or 30-nm free SPIONs (1 µ g mL − 1 ), porous silicon microparticles (2 µ g mL − 1 ), or LEVs (Figure 7b ). None of the particle formulations had an impact on cellular proliferation. It has been reported that chitosan-coated SPIONs impact proliferation only at concentrations greater than 200 µ g mL − 1 [ 33 ] and that Ferumoxtran-10 SPIONs are not toxic at 1 mg mL − 1 and only mildly toxic at 10 mg mL − 1 . [ 34 ] 
Discussion
Intracellular partitioning of particles in endosomes is summarized in the schematic shown in Figure 1 
Conclusion
These results support the concept of LEVs, in which particle attributes are able to dictate unique intracellular and extracellular locations based on size and surface-tailored properties of the particles. Nested vectors thus create opportunities for coordinated and synergistic modulation of intracellular functions and a mechanism for cell-cell transport of therapeutics and imaging agents by means of cell-derived vectors.
Experimental Section
Silicon particle fabrication and surface modifi cation : Porous silicon particles were fabricated in the Microelectronics Research Center at The University of Texas at Austin. Silicon particles, fea- Figure 7 . Cellular compatibility of LEVs. a) Secretion of cytokines by macrophages at 1, 4, and 24 h after introduction of particles. Secretion of IL-6, TNF-α , and MCP-1 by macrophages was signifi cantly reduced in cells incubated with chitosan-coated SPIONs (cIO; p < 0.03, p < 0.05, and p < 0.02, respectively) and silicon particles loaded with amine (IO + /Si; p < 0.04, p < 0.05, and p < 0.001) and chitosan-coated (cIO/Si; p < 0.006, p < 0.009, and p < 0.00006) SPIONs. MCP-1 secretion was also reduced in cells incubated with unloaded silicon particles (Si; p < 0.007). b) MTT proliferation assays of macrophages incubated with each particle formulation across 4 days using two sizes of SPIONs (10 and 30 nm).
turing a mean diameter of 3.2 ± 0.2 µ m and an average pore size of 51.3 nm, were fabricated by protocols recently published by our laboratory. [ 21 , 23 ] Briefl y, heavily doped p + + type (100) silicon wafers with resistivity 0.005 Ω -cm (Silicon Quest, Inc., Santa Clara, CA) were used as the silicon source. A SiO 2 layer was thermally grown on the wafer, followed by a layer of silicon nitride (SiN) deposited by low-pressure chemical vapor deposition. Standard photolithography, a dry etch of SiN in CF 4 plasma, and a wet SiO 2 etch in 5% HF were used to transfer a pattern of 2-µ m circle arrays on the silicon wafer. Silicon particles consisting of a low-porosity mechanical stabilization layer, large-pore device layer, and highporosity release layer were then formed by a three-step electrochemical etch. [ 21 ] The masking SiN and SiO 2 layers were removed in aqueous HF solution, and the silicon particles were released from the substrate by sonication in isopropanol (IPA).
Microparticles were treated with piranha solution (1 volume H 2 O 2 and 2 volumes H 2 SO 4 ) to chemically oxidize the surface. The suspension was heated to 110-120 ° C for 2 h, centrifuged, and washed in deionized water repeatedly. For fl uorescence microscopy experiments, 3-aminopropyltriethoxysilane (APTES; Sigma-Aldrich, St. Louis, MO)-modifi ed particles were conjugated to DyLight 594 (Pierce), an NHS ester-activated fl uorescent dye, according to the manufacturer's protocol. APTES polymerization was performed using a 2% (v/v) APTES solution in 95% IPA and 5% water for 2 h at 35 ° C with agitation at 1300 rpm.
Functionalization of SPIONs with chitosan : Chitosan (Protasan UP CL 113; 130 kDa, 86% deacetylated; Novamatrix, Norway) was dissolved at 30 mg mL − 1 in 50 m M borate buffer of pH 5.0. Chitosan was added to SPIONs (50 µ g; Fe 3 O 4 , magnetite; 10, 15 or 30 nm; Ocean NanoTech, LLC, Springdale, AR), with vortexing, at equal volumes using 0.001-0.3% (w/v) chitosan and 0.1% (w/v) SPIONs for 1 h at room temperature. For cell assays, SPIONS were coated with a 0.03% (w/v) solution of chitosan at a 1:0.6 mass ratio of SPIONs to chitosan. Unbound chitosan was removed with either a MACS magnetic purifi cation column (Miltenyi Biotec, Germany) using 500-2000 mL borate buffer for washing and 200 µ L for removal of bound particles, or by magnetic collection using a SuperMag Multitube Separator (Ocean Nanotech) and two 500 µ L washes.
Quantitation of chitosan coating : The number of chitosan molecules per SPION after purifi cation was determined using a colorimetric assay adapted from Muzzarelli. [ 35 ] Briefl y, SPIONs were coated with different concentrations of chitosan (0-3 mg mL − 1 ) using the protocol described above. After fi ltering, aliquots (20 µ L, 5 µ g) of coated SPIONs were raised to 150 µ L using a glycine-HCl buffer (80 m M glycine, 80 m M NaCl, and 20 m M HCl; Sigma-Aldrich). Samples were diluted 1:1 using freshly prepared 0.3% (w/v) Congo Red dye (Sigma-Aldrich) in water. Absorbance values were immediately measured at 520 nm using a BioTek Synergy 4 Hybrid plate reader (Winooski, VT). Standard curves were generated using free chitosan and unfi ltered cIO coated with known concentrations of chitosan, both treated with dye, and uncoated IO diluted to 300 µ L using glycine-HCl. The mean number of chitosan molecules was determined from a fi t to the standard curves, averaged across three independent experiments.
DLS and zeta potential analysis: A ZetaPALS zeta potential analyzer equipped with a 90Plus/BI-MAS multiangle particle sizing option (Brookhaven Instruments Corp., Holtsville, NY) was used to measure the mean particle diameter and zeta potentials using borate buffer of pH 5.0 as the solvent. Conditions for DLS sample measurements were 25 ° C at a 90 ° angle for 2 min per measurement with water as the solvent used for calculation. The refractive index of the particles was set to 1.4 and the dust cutoff fi lter was set to 50. Each fi nal measurement is four 2 -min measurements averaged together.
FTIR spectroscopy : Samples were prepared for FTIR spectroscopy by magnetic purifi cation and washing with 0.1% acetic acid. Wash samples were resuspended in 0.1% acetic acid (1 mL) and a portion (1 µ L) was applied to the diamond surface of a SMART attenuated total refl ection (ATR) attachment on a Nicolet 6600 FTIR spectrometer. The applied sample was then dried with dry nitrogen and the FTIR spectra were read. A room-temperature detector was used to collect all data, and all readings were made using a resolution of 4 and by averaging 16 readings in absorbance mode to form an absorbance curve. Analysis of the peaks was performed using Omnic peak identifi cation software and with Microsoft Excel.
Loading silicon particles : Assembly of the LEV was previously published by our group. [ 23 ] Briefl y, oxidized silicon particles (5 × 10 6 ) were dried overnight at room temperature in a vacuum desiccator. Fe 3 O 4 nanoparticles (40 µ g) (carboxylated and aminefunctionalized nanoparticles were purchased from Ocean NanoTech, LLC, Springdale, AR) were added to the dry silicon particles in borate buffer at 0.5-1.0 mg mL − 1 . The particle suspension was briefl y sonicated and incubated for 30 min with intermittent mixing (1300 rpm). Samples were then centrifuged at 4200 rpm (Beckman Coulter Allegra X-22 centrifuge equipped with a 296/06 rotor) to remove free iron oxide nanoparticles, followed by washing twice with borate buffer. Loaded silicon particles were suspended in cell culture media and incubated with J774 cells for the indicated amount of time.
Live confocal microscopy : J77A cells were cultured in glassbottomed 24-well plates purchased from MatTek Corporation (Ashland, MA). CellTracker Green CMFDA (Molecular Probes, Eugene, OR) was introduced to the cells at a concentration of 0.5 µ M in serum-free medium for 30 min at 37 ° C, followed by another 30 min in fresh medium at 37 ° C. DyLight 594-modifi ed microparticles (1:10 cell:microparticle) were added to the culture, and images were acquired in four z -planes with a step size of 1.5 µ m every 3 min using a 1 × 81 Olympus microscope equipped with a DSU confocal attachment and a 40 × water-immersion objective. Still shots represent the best focal plane while the movie is comprised of projection images using in-focus light from all planes.
MTT cell proliferation assay : J774 cells, purchased from American Type Culture Collection (Manassas, VA), were cultured in Dulbecco's modifi ed Eagle's medium containing 10% fetal bovine serum (FBS), 100 µ g mL − 1 streptomycin, and 100 U mL − 1 penicillin (Invitrogen, Carlsbad, CA). J774 cells were seeded into 96-well plates at 5000 cells well − 1 in a fi nal volume of 200 µ L well − 1 . Twentyfour hours later, media containing silicon particles (either unloaded or loaded with SPIONs, with and without chitosan coating) were added at a ratio of 1:10 cells to microparticles. Free SPIONS were incubated with cells at a concentration of 1 µ g mL − 1 . At 24, 48, 72, and 96 h, the medium was removed and medium containing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (0.5 mg mL − 1 ; MTT; Sigma-Aldrich) was added at 200 µ L well − 1 for 4 h at 37 ° C to the appropriate plates. Medium was then removed and dimethyl sulfoxide (180 µ L well − 1 ) was added to each well. After 30 min at room temperature, the absorbance was read at 570 nm using a SPECTRA max M2 plate reader (Molecular Devices).
Cytokine analysis : J774 macrophages were cultured overnight in 24-well plates (1 × 10 5 cells well − 1 ) containing 1 mL medium. After 24 h. the cells were incubated with fresh medium containing unloaded silicon particles or silicon particles loaded with SPION variants (10 particles cell − 1 ). Zymosan (20 µ g mL − 1 ; Sigma, USA) were used as a positive control for cytokines production and untreated cells were used as a measure of basal levels of cytokine release. The cell culture supernatant (300 µ L) was collected at 1, 4, and 24 h and stored at -80 ° C. Samples were analyzed according to the manufacturer's instructions using a Milliplex mouse 10-cytokine assay panel. The following cytokines were assessed: IFN-γ , IL-1 β , IL-2, IL-6, IL-9, KC, MCP-1, RANTES, and TNF-α . Cytokine levels were read on the Luminex 200 System, Multiplex Bioassay Analyzer. The quantifi cation was carried out based on standard curves for each cytokine in the concentration range of 1-32 000 pg mL − 1 .
SEM : J774 cells were plated in 24-well plates containing 5 mm × 7 mm silicon chip specimen supports (Ted Pella, Inc., Redding, CA) at 5 × 10 4 cells per well. When cells were confl uent, serum-free media containing oxidized silicon particles (1:10, cell:microparticles, 0.5 mL well − 1 ) were introduced and the cells were incubated at 37 ° C for 15 min. Samples were washed with phosphate-buffered saline (PBS) and fi xed in 2.5% glutaraldehyde for 30 min (Sigma-Aldrich, St. Louis, MO). Samples were processed and imaged as described previously. [ 23 ] Micrographs were acquired under high vacuum at 20-30 kV, spot size 3.0-5.0, using either an FEI Quanta 400 FEG ESEM instrument equipped with an ETD (SE) detector or a Hitachi S-5500 SEM apparatus.
TEM : J774 cells were grown to 80% confl uency in a six-well plate. Using 1-2 mL of medium per well, particles were introduced as described previously (e.g., silicon particles 10:1) at 37 ° C for either 15 min, or 2, 24, 48, or 144 h. The cells were then washed and fi xed in a solution of 2% paraformaldehyde (Electron Microscopy Sciences, Hatfi eld, PA) and 3% glutaraldehyde (Sigma-Aldrich) in PBS of pH 7.4 for 1 h at room temperature. Samples were processed and imaged as described previously. [ 23 ] Quantitation of nanoparticle exocytosis : J774 cells were incubated with particles as described in the preceding paragraph. At 48, 96, 120, and 144 h the medium was removed and centrifuged at 14 000 rpm for 20 min. The pellets were washed in PBS and resuspended in 6 N HCl (50 µ L) followed by incubation at 60 ° C for 2 h. Iron was then oxidized using ammonium persulfate (0.1 mg mL − 1 ; BioRad, Richmond, CA) and the color reaction was initiated by adding 5% K 4 [Fe(CN) 6 ] · 3H 2 O (50 µ L; Sigma-Aldrich) for 10 min. A standard curve was generated using iron(III) hexahydrate (Sigma-Aldrich), and the absorbance was read at 690 nm using a SPECTRA max M2 plate reader (Molecular Devices).
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. Supporting Video: DyLight 594-modifi ed silicon particles were introduced to CellTracker Green CMFDA-stained macrophages and images were acquired every 3 min using a 1 × 81 Olympus microscope equipped with a DSU confocal attachment and a 40 × water-immersion objective at 37 ° C.
